To reveal the genetic properties of an Afghan wheat collection maintained in Kyoto University, variations in morphological character and HMW glutenin subunit composition were investigated in 410 Afghan wheat accessions together with 65 accessions of Iranian and Pakistani wheat. The majority of the samples had primitive morphological characteristics, namely, tall plant height and lax spikes with a spelt head. The most frequent combination of HMW glutenin subunit was Glu-A1c (encoding subunit null), Glu-B1b (7 + 8), and Glu-D1a (2 + 12). Alleles preferable for modern breeding such as Glu-B1c and Glu-D1d were rare in our samples. Consequently, we concluded that the Afghan wheat accessions investigated in this study have genetic characteristics typical of landraces. As for their genetic diversity, the level of variation in the HMW glutenin subunit in Afghanistan was found to be equal to or lower than that in the neighboring countries. The largest variation was observed in Western Iran and Pakistan. AFLP analysis using 91 representative accessions also showed a comparatively low level of diversity in Afghanistan. These results suggest that a decrease in genetic diversity has occurred in Afghanistan. A novel HMW glutenin subunit (2.8) was found in this study, indicating the potential usefulness of Afghan landraces for wheat breeding.
Introduction
In modern breeding, landraces play an important role as a genetic resource, supplying various useful traits to cultivars (Feldman and Sears 1981) . Practical breeding research using landraces has been carried out in several crops, e.g. rice (Hargrove and Cabanilla 1979) , maize (Malvar et al. 2004) , legumes (Isemura et al. 2001 , Zhang et al. 2009 ) as well as wheat. For bread wheat (Triticum aestivum L.) the importance of landraces is more critical than for other crops because it does not have a direct wild ancestor with the same genomic constitution due to its hybrid origin (Kihara 1944, McFadden and Sears 1946) . Landraces are the only primary gene pool for bread wheat. To broaden the available genetic resources and to interpret the process of wheat spreading, the genetic diversity of wheat landraces has been investigated by a number of studies (Tsujimoto et al. 1998 , Bhattacharya et al. 1999 , Iwaki et al. 2001 , Ghimire et al. 2005 , Roussel et al. 2005 , Tanaka et al. 2005 , Balfourier et al. 2007 . Several studies using wheat landraces have achieved success in introducing useful agronomic traits such as semi-dwarfness (Borlaug 1968 ), disease resistance (Rudd et al. 2001) , and preferable flour quality (Nakamura et al. protein is encoded by three homoeologous loci located on group 1 chromosomes (Payne et al. 1980, Lawrence and Shepherd 1981) . The homoeologous loci were defined as Glu-A1, Glu-B1, and Glu-D1, and the latter two loci encode two duplicated genes (Payne et al. 1980 , 1982 , Payne and Lawrence 1983 . The terms x-and y-types (Bx, By, Dx, and Dy) are used for the two duplicated genes. To assess the diversity of agronomic traits and to discover new alleles that would improve bread-making quality, a number of studies have surveyed the genetic diversity of HMW glutenin subunit composition in wheat landraces collected from various countries, e.g. Japan (Nakamura 2000) , China (Zhang et al. 2002 , Cong et al. 2005 , Pakistan (Tahir et al. 1996) , and European countries (Juhász et al. 2003 , Popa et al. 2003 , Gregova et al. 2006 .
To clarify the genetic properties of the Afghan wheat collection maintained in the abovementioned Japanese genebank and to evaluate its potential usability for wheat breeding, we investigated the morphological traits and the genetic components of the HMW glutenin subunit composition. Additionally, the neutral genomic variation of some of the collection was analyzed by AFLP. Based on the results, the genetic properties and usefulness of the Afghan wheat collection is discussed.
Materials and Methods

Plant materials
A total of 410 accessions of bread wheat collected from Afghanistan were used in this study (Table 1 ). In addition, 33 and 32 accessions of Iranian and Pakistani wheat, respectively, were used. Their collection sites are shown in Fig. 1 . For diversity analysis, the Afghan samples were divided into six regional groups: Southeastern (the region around Kandahar), Eastern (around Kabul), Northeastern (around Faizabad), Northern (around Mazar-i-Sharif), Central (around Chaghcharan) and Western (around Herat) regions. The Iranian and Pakistani samples were also divided into several regional groups: Eastern, Central and Western Iran, and Northern and Central Pakistan. All of these 475 accessions were used for the analyses of morphological traits and the HMW glutenin subunit composition. Due to technical restrictions, 91 accessions of the KUSE collection, which roughly represented the distribution of 475 accessions, were used for the AFLP analysis. All the materials belong to the collection of the Plant Germ-plasm Institute of Kyoto University and were maintained via the National BioResource Project (NBRP) KOMUGI. the awns to the basement of culms and spikes, respectively. The spike density is an index calculated as the number of spikelets divided by spike length (cm). The type of spike head is a qualitative trait, for which the samples were classified into square and spelt types. The days to heading was recorded as the number of days from sowing to the emergence of the top of the first spike. Glum hairiness were classified into + (hairy) and − (non-hairy). The awnedness were classified into three categories as a qualitative trait, awnless, short awn (<40 mm) and long awn (>40 mm).
Morphological observation
SDS-PAGE analysis
The HMW glutenin subunit composition was analyzed by SDS-PAGE as described by Payne et al. (1981) . A single kernel from each accession was ground into powder. The powder was suspended in 600 μl of 2 M Tris-HCl buffer (pH 6.8) containing 2% (w/v) SDS, 10% (v/v) glycerol, and 5% (v/v) 2-mercaptoethanol and was shaken for 1 hr at 4°C. The slurry was heated at 100°C for 3 min. After centrifugation for 5 min at 15,000 rpm, 300 μl of the supernatant were loaded into the slot of a 10% polyacrylamide gel. Electrophoresis was conducted at a 5 mA constant current for 1 hr followed by a 10 mA constant current for 1 hr, and a 20 mA constant current until the tracking dye, bromophenol blue, reached the bottom of the gel (about 9 hr). The gels were stained overnight with 12% (w/v) acetic acid solution containing 5% (v/v) ethanol, and 0.05% (w/v) Coomassie Brilliant Blue R-250. De-staining was carried out with water.
Identification of subunit components was based on their electrophoretic mobility. Each subunit was named after Payne and Lawrence (1983) . To evaluate the level of diversity, the polymorphic information content index (PIC), which is equivalent to the Nei's diversity index (Nei 1973) , was calculated for each locus according to the formula:
where p i is the frequency of the ith allelic combination within a group, and n is the number of allelic combinations.
Sequencing of the Glu-1 gene
The complete sequence of a newly found HMW glutenin subunit was determined. The whole coding region was amplified by PCR using genomic DNA as a template. The following six Dx-type specific primers were used: (a) 5′-ATGGCTAAGCGGTTAGTCCT-3′, (b) 5′-CTGGCTGGC CGACAATGCGT-3′, (c) 5′-AGCTTCTCCGCAACGGC CAG-3′, (d) 5′-CCACGCTAACATGGTATGAGC-3′, (e) 5′-GCTGCTGCCCTTGTTGCAC-3′, and (f) 5′-CTATCA CTGGCTGGCCGACAA-3′, of which (a) and (b) were the forward and reverse primers used for PCR amplification, respectively, and the remaining were the primers used for walking sequencing. The position and direction of the primers are indicated in Fig. 2 . Primers (a), (b), (c), and (d) were derived from D'Ovidio (1994) and the sequence of primer (f) was obtained from Wan et al. (2005) . We designed primer (e). The PCR reaction was performed at 94°C for 5 min, followed by 40 cycles at 94°C for 1 min, 68°C for 3 min, and 1 cycle at 68°C for 7 min. The PCR products were cloned into a pGEM T-Easy Vector (Promega) and sequenced. Editing of the determined sequences was performed with the computer software Sequence Navigator (Applied Biosystems) and ClustalW (http://www.ebi.ac.uk/clustalw).
AFLP analysis
AFLP analysis was conducted according to the method of Sasanuma et al. (2002) . The template genomic DNA was extracted from 200 mg of fresh leaves of each sample by a modified CTAB method (Murray and Thompson 1980) . Bands were detected using the DNA Silver Staining System (Promega) and were scored manually within the range of 100 bp to 600 bp. The genetic distance for each pair of the accessions was calculated as the Manhattan metric. The genetic diversity within a group was evaluated by averaging the Manhattan metrics (Faith et al. 1987) . A UPGMA tree was constructed using the computer software R (http://www.r-project.org/).
Results
Morphological variation
The morphological variation observed is summarized in Table 2 . Many Afghan wheat accessions had similarly primitive morphological characters, such as tall plant height and lax spikes with a spelt spike head. More than 80% of the accessions were over 100 cm in height. Furthermore, 7.6% of the accessions were over 140 cm, and the highest was 174 cm. The spike length varied from 6.9 to 18.7 cm, and 89.5% of the accessions were in the range 10.1-16.0 cm. The spike density ranged from 0.33 to 0.86, and 65.6% of the accessions 
were in the range 0.61-0.75. Since the number of spikelets varied little among accessions, the variation in spike density was mainly determined by spike length. As for the type of spike head, 84.4% of the samples had a spelt spike head. The days to heading varied from 173 to 230, and 80.3% of the ac-cessions were in the range 171-200. More than 70% of the accessions had non-hairy glumes and long awns. Morphological characters of the Iranian and Pakistani wheat accessions were generally similar to those of the Afghan accessions. However, a unique tendency was observed in Central Pakistan, where more accessions had a short plant height, short spike length and early heading. The frequencies of the accessions shorter than 100 cm in plant height and shorter than 10.0 cm in spike length were 25.0% and 31.3%, respectively, and half of the accessions headed within 170 days. Furthermore, the frequency of the accessions with long awn was less than 20.0% in Central Pakistan.
Genetic variation of the HMW-glutenin subunit composition in Afghanistan
In the 410 Afghan wheat accessions, 39 combinations of Glu-1 alleles were found ( Table 3 ). The most frequent combination was Glu-A1c, Glu-B1b, and Glu-D1a, which was present in 64.6% of the Afghan accessions. The allele frequency at each Glu-1 locus is shown in Table 4 . At the Glu-A1 locus, three alleles were found and the Glu-A1c allele was most frequent (74.6%). At the Glu-B1 locus, eight alleles were found, among which Glu-B1b was present in 87.3% of accessions. The other seven alleles were minor alleles, whose frequency was less than 4%. At the Glu-D1 locus, ten alleles were found. Among them, two Afghanistan-specific alleles, Glu-D1l and Glu-D1m, which were discovered by Lagudah et al. (1987) , were included. The major allele was Glu-D1a, and its frequency was 85.6%. Glu-D1m had a frequency of 6.1%, and the frequency of other the alleles was less than 3%. A new Glu-D1 allele was detected in one accession in this study (described below). Glu-D1f, a typical allele in Japanese wheat, was not found in this study, though it was recently discovered in Afghan landraces by Nakamura (2008) .
As for the regional groups in Afghanistan, their genetic properties did not differ much among the regions. In all regions, Glu-A1c, Glu-B1b, and Glu-D1a were the major alleles and were present in more than 60% of wheat accessions. Differences were observed in frequency of the alleles and presence of the minor alleles. The level of genetic diversity in each Afghan regional group was evaluated by PIC (Table 3) . A relatively high level of genetic diversity was detected in the Eastern regions of Afghanistan (0.525, 0.560, and 0.606 in Eastern, Southeastern and Northeastern regions, respectively). The lowest PIC value (0.192) was observed in the Western region. The level of genetic diversity in accessions from Eastern Afghanistan was compared among three collection years (Table 5 ). As shown in Table 5 , the PIC values based on the variation of HMW glutenin subunit composition did not differ so much among the collection years, indicating that drastic genetic erosion did not occur in this region during the two decades from 1950's to 70's.
Genetic variation of the HMW-glutenin subunit in the countries neighboring Afghanistan
The genetic properties of the HMW glutenin subunit composition in Iran and Pakistan were different from those in Afghanistan and varied among regions (Table 6 ). Eastern and Central Iran had similar genetic properties to Afghanistan. In these regions, the major alleles at each Glu-1 locus were the same as those in Afghanistan. The level of genetic diversity was low (PIC = 0.182 and 0.328 in the Eastern and Central Iran, respectively) and was almost equal to that in Eastern Afghanistan. On the other hand, Western Iran showed different features from Afghanistan and Eastern and Central Iran. In this region, the most frequent allele at the Glu-B1 locus was Glu-B1f (45.5%), which was a minor allele in Afghanistan. As for Pakistan, the major allele of Glu-A1 was different from that in Afghanistan and even different between Northern and Central Pakistan, namely, Glu-A1b (68.8%) and Glu-A1a (50.0%) were the most frequent in Northern and Central Pakistan, respectively. The level of genetic diversity in these regions was much higher than that in Afghanistan (PIC = 0.798 and 0.875 in the Northern and Central Pakistan, respectively).
Characterization of the newly found HMW glutenin subunit
We found an unreported HMW glutenin subunit in an accession from Central Afghanistan (KU7510). This subunit was slightly larger than subunit 7 ( Fig. 2A) . At first, it was deduced that this novel subunit was an Ax-or Dx-type, because KU7510 also possessed subunits 7, 8 (x-and y-types of Glu-B1), and 12 (y-type of Glu-D1). To determine the orthology of this subunit, diagnostic PCR using allele specific primers developed by D' Ovidio et al. (1994) was carried out. As a result, it was revealed that the Glu-A1 locus in this accession encoded a null subunit, so we concluded that the new subunit was encoded by the Dx-gene of the Glu-D1 locus. Then, the novel subunit and the allele encoding it were named 2.8 and Glu-D1br, respectively. Since the Dy-type subunit 12 was also detected in this accession, it was considered that the new allele Glu-D1br encodes subunits 2.8 + 12.
The nucleotide sequence of subunit 2.8 was determined to verify its novelty (DDBJ/EMBL/Genbank accession number AB481100). The entire length of the determined sequence was 2,262 bp (754 a.a.). A homology search of published sequences confirmed that subunit 2.8 was undiscovered until now. Moreover, it was revealed that the coding sequence of subunit 2.8 was the shortest among the known sequences of Dx-type HMW glutenin. The Dx-type subunits most similar to subunit 2.8 are subunit 2 (accession number X03346) and subunit 2.2 (AY159367). The gene structure of the three Dx-type HMW glutenin subunits is shown in Fig. 2B . Subunit 2.8 differs considerably in size from the two known Dx-type subunits, the number of amino acid residues in its repetitive domain being fewer by 220 a.a. and 86 a.a. than subunits 2.2 and 2, respectively. The other difference in amino acid sequence was a substitution at the 79th residue from methionine in subunits 2.2 to valine in subunit 2.8.
AFLP analysis
Of the 468 bands scored, 98 (21.2%) were found to be polymorphic among 91 accessions of the KUSE collection. The mean Manhattan value for each regional group is shown in Table 7 . The level of genetic diversity in 30 Afghan accessions was 1.662, and those in each region were similar to one another. The level of diversity in Central Iran (2.011), Western Iran (2.256), and Northern Pakistan (1.928) were much higher than that in each region of Afghanistan. On the other hand, the level of diversity in Central Pakistan (1.591) and Eastern Iran (1.018) was equal to or even lower than that in the Afghan regional groups.
Cluster analysis demonstrated that all the Afghan accessions except for two were included in a major cluster (Fig. 3) . The Iranian and Pakistani accessions generally formed single or several region-specific clusters with some exceptions, suggesting that genetic interchange has seldom occurred among the regions in this area. It is noteworthy that all of the Eastern Iranian accessions were included in the Afghan wheat cluster, indicating the genetic similarity between the Eastern Iranian and Afghan wheat. The accessions from Central Pakistan did not make a major cluster but were dispersed to four clusters mixed with accessions from other regions.
Discussion
The characteristics of the Afghan wheat collection Based on the genetic characteristics revealed in this study, we identified that the Afghan wheat accessions we used had genetic characteristics typical of landraces. Most of the accessions used in this study had primitive morphology, i.e., tall plant height and lax spikes with a spelt head. During the "Green revolution", the introduction of the semidwarfness was one of the most successful and globally diffuse achievements of wheat breeding (Borlaug 1968 (Borlaug , 1983 . The modern varieties possessing semi-dwarf genes are normally less than 100 cm in height. Such semi-dwarf accessions were rare in our study. As for the HMW-glutenin subunit, the most frequent allelic combination in Afghan wheat was Glu-A1c (encoding subunit null), Glu-B1b (7 + 8), and Glu-D1a (2 + 12). This result was consistent with previous studies involving a small number of Afghan wheat landraces (Lagudah et al. 1987 , Kazman et al. 2003 , but contrasts with the genetic properties of modern cultivars. To improve the bread making quality of wheat, Glu-B1c (7 + 9) and GluD1d (5 + 10) alleles have been intensively introduced into a large number of modern cultivars, especially in Europe (Lee et al. 1995, Wrigley et al. online) . In our present study, Glu-B1c and Glu-D1d were minor alleles, present in only 3.2% and 2.7% of accessions in Afghanistan, respectively. From these results, we conclude that our material from an Afghan wheat collection that is conserved in Kyoto University possesses genetic features of endemic landrace. In other words, the collection has not been "polluted" by modern breeding, even though the most recent materials were collected in 1978, more than a decade after the beginning of the Green revolution.
The genetic diversity of Afghan wheat
In the present study, unexpectedly, the level of genetic diversity in Afghanistan was not high and in some cases was lower than that in Iran and Pakistan. A high level of diversity was detected in Western Iran and Northern Pakistan, both of which were on the margins of the area investigated. This is disappointing from the viewpoint of broadening genetic resources, but it surely provides us with new information for interpreting the genetic differentiation of Asian wheat.
Recently, Ghimire et al. (2005) reported that Afghan wheat landraces had a relatively high level of genetic diversity among Asian wheat. This seems to contradict the results of our study. However, their conclusion was obtained from the comparison of a wide range of Asian wheat. When compared only Afghan and Iranian or Pakistani wheat, their results also indicated the lower level of genetic diversity in Afghanistan. Regional difference in the level of diversity was sometimes inconsistent with our results (described below), but this is possibly caused by the difference in plant material.
Among the regions, Western Afghanistan and its neighboring region Eastern Iran showed the lowest level of diversity in the analysis of the HMW glutenin subunit. Thus, these regions could be regarded as the location of the diversity nadir in the area. The reduction in diversity can be explained by two possibilities: purifying selection for important agricultural traits or decreases in population size. The former acts on a particular gene(s), and the latter affects the whole genome. In our study, the reduction of genetic diversity in Afghanistan and Eastern Iran was observed in both the analyses of the HMW glutenin subunit and AFLP. Glutenin is an important agricultural factor, while AFLP reflects the whole genomic variation. Hence, the reduction in diversity observed in Afghanistan was probably caused by a decreasing population size rather than selection acting on glutenin. The severe climate in Western Afghanistan and Eastern Iran may account for the decreasing population size in the region. According to the meteorological data, the precipitation in this region is very little, suggesting that this region is not suitable for wheat cultivation (Agromet Network 2008 , 2009 ).
The HMW glutenin subunit in Afghanistan
Because of its agricultural importance, the genetic properties of the HMW glutenin subunit have been extensively studied in various wheat landraces (Nakamura 2000 , Zhang et al. 2002 , Popa et al. 2003 , Gregova et al. 2006 . Compared to previous studies, the characteristics of the HMW glutenin subunit of Afghan wheat were more similar to those of East Asian wheat rather than European wheat. The major allelic combination in Afghan wheat (Glu-A1c, Glu-B1b, Glu-D1a) is also the most frequent in the landraces of the Xinjian District of China (Cong et al. 2005) and Pakistan (Tahir et al. 1996) , while it is rare in European landraces (Juhász et al. 2003) . Considering that it was also found to be common in Iran and Pakistan in this study, the allelic combination, Glu-A1c, Glu-B1b, Glu-D1a, might be a representative genotype of Asian wheat landraces. The dough of this genotype is not strong, meaning that it is not suitable for bread making. The major allelic combination of HMW glutenin subunit shared the highest frequency in all the regions in Afghanistan, which is consistent with the fact that the dietary culture was not much different among regions in Afghanistan. Regardless of topography, tribes and dietary culture, semi-fermented flat bread is traditionally preferred in Afghanistan. However, according to Mondal et al. (2008) , the major composition of HMW glutenin subunit in Afghanistan is not very good for making of flour tortillas, a kind of non-fermented flat bread preferred in Mexico. This indicates that the Afghan major composition is not suitable for making of flat bread.
The finding of Afghanistan-specific rare alleles was also a noteworthy result of this study. Two Afghanistan-specific Glu-1 alleles, Glu-D1l and GluD1m, which were reported by Lagudah et al. (1987) , were found in two and three Afghan accessions, respectively. In addition to such known alleles, we discovered a new subunit (2.8) in Afghanistan. A sequence comparison indicated that this new subunit has the shortest repetitive domain of all the published Dx-type subunits and that the allele is derived from Glu-D1a, which is popular in Asia. Interestingly, the accession possessing this new subunit had a high bread-making quality (data not shown) as evaluated by Takata's µ-SDS sedimentation test (Takata et al. 1999) . Although bread-making quality is determined not only by the HMW glutenin subunit but also by several other factors such as LMW glutenin and puroindoline (Shewry et al. 1992) , this result suggests the utility of landraces for improving wheat flour quality.
Recently Nakamura (2008) discovered the allele Glu-D1f in two Afghan accessions. Since this allele is a unique and typical allele of Japanese wheat, he concluded that Japanese wheat have originated from Afghanistan. In our present study, we did not find Glu-D1f in Afghan wheat accessions. This is probably due to the difference in material. In fact, however, we found that a Kyoto University's accession KU3080 that has been maintained as an Afghan landrace possessed the allele Glu-D1f. However, the morphology of the accession KU3080 was almost the same as that of Norin 61, a Japanese modern cultivar, thus we excluded this accession from the analysis to avoid the possibility of the contamination during the ex-situ conservation. Although the correspondence between Nakamura's material and ours is unknown because the original accession numbers were not described in Nakamura (2008) , it might be possible that his new finding is an artifact induced by a contamination during the maintenance.
The usefulness of Afghan landraces for future breeding
In this study, we revealed that the Afghan wheat collection conserved in the abovementioned Japanese genebank is composed of true landraces. Most of these landraces have a primitive morphology and poor bread-making quality with a low level of genetic diversity. Based on these results, the Afghan landraces seem to be unattractive as a genetic resource. The potential of landraces, however, is vast. The finding of a new allele of the HMW glutenin subunit is evidence for the potential usefulness of these landraces. Another importance of landraces is that they have been cultivated for a long time in local areas and are adapted to their environment (Iwaki et al. 2001) . Since Afghanistan has a complex topography and various climates within each of its counties, varieties adapted to the regional climate are necessary for obtaining a stable yield and reducing environmental loads. Although we did not investigate environmental adaptability, the fact that the collection contains original endemic genetic features suggests that it can contribute towards reconstructing the sustainable agriculture destroyed by the continuing wars and social upheaval in Afghanistan.
